ineffective for some patients, especially those with more severe stenosis, advanced age, or medical comorbidities. 2 Surgical decompression, with or without lumbar fusion, has been shown to produce better clinical improvement compared with nonoperative treatment for severely affected patients. 37 Traditional open decompressive lumbar surgery, although effective in relieving compression of the neural elements, has certain drawbacks, including the risks of significant blood loss, wound infection, iatrogenic instability, perineural scarring, medical complications, and prolonged recovery. 11 In addition, the pain relief achieved through open decompressive surgery may degrade over time, requiring further, more complex revision surgery.
16
The pedicle-lengthening osteotomy (PLO) procedure is a relatively new treatment for LSS. This procedure involves enlargement of the spinal canal and neural foramen through an expanding osteotomy at the base of the lumbar pedicles. This procedure is performed percutaneously, using fluoroscopic guidance, and is analogous to other wellknown percutaneous pedicle-targeting procedures such as vertebroplasty.
In a prior issue of the Journal of Neurosurgery: Spine, the 1-year results of a pilot study investigating the PLO were reported. 22 This study found statistically significant improvements in pain, physical function, and low-back disability following the PLO procedure. This current study reports the 5-year clinical and radiological results in the pilot cohort.
Methods
Twenty patients with symptomatic LSS were enrolled in a prospective, single-treatment clinical trial following institutional ethics board approval. Patient selection was conducted at an academic center by offering participation in the trial to all patients who presented with symptomatic spinal stenosis, with or without a grade I spondylolisthesis, and who were deemed candidates for surgery. The first 20 patients who met all study inclusion and exclusion criteria and who were interested in participating in the trial were enrolled. Nineteen patients were available for follow-up at the 2-year and 18 patients were available for follow-up at the 5-year postoperative time points. The inclusion and exclusion criteria for the study are shown in Table 1 .
Outcome Assessment
Validated, patient-based outcome instruments were used to assess the clinical results in the patient cohort. These included the Oswestry Disability Index (ODI) (version 2.0), 24 Zürich Claudication Questionnaire (ZCQ), 28, 29 100-mm visual analog scale (VAS) for pain, and 12-Item Short Form Health Survey (SF-12), version 2. The assessed time points included baseline (within 2 weeks prior to the procedure) and postoperatively at 1.5-, 3-, 6-, 9-, 12-, 24-, and 60-month time points. At each time point, patients completed a clinical questionnaire, provided information on medication usage, and underwent a physical and neurological examination to ascertain any evidence of an adverse event. Additionally, anteroposterior and lateral radiographs were obtained at baseline and at the 1.5-, 3-, 6-, 9-, and 12-month postoperative time points. A thinslice CT scan of the lumbar spine was obtained at baseline and at the 6-month postoperative time point. Lumbar MRI was performed at baseline.
Surgical Technique
Patients were treated either with local anesthesia and conscious sedation (n = 1) or with general anesthesia (n = 19). Patients were positioned prone on a radiolucent operating table with a standard sterile field encompassing the lumbar spine. A C-arm fluoroscopy unit (model 9800; General Electric) was used to image the vertebral levels undergoing operation. The PLO procedures were performed bilaterally at the levels affected by symptomatic stenosis. Patients with isolated lateral recess stenosis underwent lengthening of the pedicles immediately caudal to the stenotic disc space. Patients with central stenosis underwent lengthening of the pedicles immediately above and below the stenotic disc space. Using the en face fluoroscopic view, the position of the pedicles was marked out bilaterally on the skin (Fig. 1) . Ten-millimeter skin incisions were made bilaterally in line with the central axis of the pedicles to be lengthened. Next, a 2.7-mm guide pin was driven through the central axis of each pedicle into the vertebral body ( Fig. 2A-C) . Care was taken to ensure that the pins passed within 2 mm of the center of each pedicle on both en face and lateral fluoroscopic views. A cannulated pedicle reamer (Innovative Surgical Designs) was then introduced over the guide pin and a passage was reamed through each pedicle, into the vertebral body (Fig. 2D) .
Next, pedicle osteotomies were performed bilaterally by using a manual bone saw (Innovative Surgical Designs; Fig. 3A and B) . The manual bone saw was designed to cut the pedicles from inside the pedicle passages. The cutting process was monitored by the surgeon, using a combination of tactile feedback and fluoroscopic control ( Fig. 3C and D). The manual bone saw had a side-cutting blade that could be extended and retracted by the surgeon. Each pedicle was cut in sections to ensure that the saw blade did not extend beyond the outer cortex of the pedicle. Using gentle rotation of the bone saw, the surgeon was able to shave away a thin (0.5-mm) channel of bone at the junction of the pedicle and vertebral body until the outer cortex of the pedicle was breeched. The saw blade was then retracted and the saw was adjusted to cut a different section of the pedicle, repeating the cutting process. When the entire pedicle circumference was cut, the saw blade was retracted and the bone saw was removed.
After the pedicles were cut, a specialized bone screw (Altum; Innovative Surgical Designs) ( Fig. 4A and B) was threaded into each of the pedicle passages ( Fig. 4C and  D) . The bone screws were positioned precisely at the osteotomy sites and then simultaneously lengthened by 4.8 mm, using an internal threaded mechanism. Bone screw lengthening created a gap at the site of the osteotomy, pushing the anterior elements (vertebral body) away from the posterior elements (pedicle, facets, lamina). This maneuver enlarged the area of the spinal canal and neural foramen. Fluoroscopic imaging was used to confirm proper positioning of the bone screw implants, and then a locking mechanism was applied to secure the construct. The skin
FIG. 1.
The en face fluoroscopic view is used to target the pedicle. Using the en face view, a K-wire is centered over the pedicle with vertical (shown) and horizontal alignment to the image. The point where the horizontal and vertical lines intersect is marked on the skin, and this is the correct location of the incision that will be used to access the pedicle.
FIG. 3. A:
The pedicle saw is a hand instrument that is used to cut the pedicle. The white arrow points to an adjustment knob used to extend and retract the saw blade. B: The thin, semiflexible blade (arrows) exits the side of the saw near its tip. C and D: The position of the saw blade is followed on the en face and lateral fluoroscopic images during pedicle cutting.
FIG. 2. A and B:
The right pedicle is targeted with a guide pin that is centered within 2 mm of the center of the pedicle. C: The guide pin is then driven through the pedicle into the vertebral body. D: A cannulated reamer is placed over the guide wire and used to open a passage through the pedicle.
incisions were sutured and local anesthetic (bupivacaine; Hospira) was injected subcutaneously around the incisions to reduce postoperative pain.
Following the procedure, patients were encouraged to ambulate as soon as they had recovered from anesthesia. Patients were instructed to avoid bending or twisting at the waist for 6 weeks following the procedure to allow healing across the osteotomy sites. No bracing was used.
Morphometric Measurements
The preoperative and 6-month postoperative CT scans were used to determine the cross-sectional area of the spinal canal before and after the PLO procedure. Axial images in line with the mid-disc space of the stenotic level were selected and imported into a digital image analysis package (Digital Earthwatch Software, http://www. lawrencehallofscience.org/gss/rev/ip/).
Two experienced spine surgeons manually calibrated each image, using the width of the vertebral body as a standard reference length. Using the polygon tool for area measurement, the spinal canal of each image was traced, placing between 15 and 20 points along the margins of the spinal canal to form an enclosed polygon. The area inside each polygon was calculated by the software in pixels. The cross-sectional areas of the spinal canals at the preoperative and 6-month postoperative time points were compared using the following formula: % change in spinal canal area = [(Final area − Original area)/Original area] × 100.
Statistical Analysis
Preoperative and postoperative scores for each of the patient-based outcome instruments were compared using a paired Student t-test in the SPSS statistical software program (version 18.0; SPSS, Inc.). Significance was defined as p < 0.05. A comparison of relative spinal canal measurements was assessed using the intraclass correlation coefficient (ICC). The ICC was defined as excellent for a value of 0.90-1.0, good for a value of 0.70-0.89, fair for a value of 0.50-0.69, and poor for a value ≤ 0.49. 8 
Results
Patient variables are shown in Table 2 . The study included 12 females and 8 males. The mean age of the patients at the time of surgery was 61.7 years (range 47-77 years). All patients had symptomatic LSS and had not improved after at least 6 months of nonoperative treatment with lumbar epidural steroid injections, NSAIDs, analgesic drugs, and physical therapy. Eleven patients had a Meyerding grade I degenerative spondylolisthesis and 9 had no spondylolisthesis. All patients had one or more medical comorbidities. The American Society of Anesthesiologists (ASA) Physical Status Classification for the patients was ASA class II in 8 patients, ASA class III in 11 patients, and ASA class IV in 1 patient. The body mass index of the patients was between 25 and 29.9 in 11 patients and ≥ 30 in 9 patients.
Operative Results
The specific pedicles lengthened in this study are shown in Table 3 . Overall, there were 10 patients treated with a 1-level bilateral procedure and 10 treated with 2-level bilateral procedures. The most common level treated was L-5 (19 patients), followed by L-4 (9 patients) and L-3 (2 patients). The most common combination of levels was L-4 and L-5 (8 patients). The mean procedure time for a 1-level procedure (2 pedicles) was 63 minutes, whereas the mean time for a 2-level procedure (4 pedicles) was 118 minutes. The mean time for fluoroscopic usage
FIG. 4. A:
The pedicle-lengthening implant is a bone screw that is threaded into the pedicle passage. B: A central, threaded mechanism is used to lengthen the screw after it is positioned within the pedicle passage. C and D: Anteroposterior and lateral views of the pediclelengthening implant after lengthening has been performed and prior to removal of the guide wires. for a 1-and 2-level procedure was 2 minutes, 15 seconds, and 3 minutes, 34 seconds, respectively. The blood loss in all cases was minimal and involved 2-5 lightly bloodied 4 × 4-inch sponges used to clean the incisional areas during the procedure. No suction was used during the surgical procedures.
Adverse Events
No intraoperative complications were encountered during the study. No patients required conversion to an open procedure. There were no apparent dural lacerations, no apparent nerve root injuries, and no new neurological deficits encountered during the study. Four postoperative adverse events were encountered. The first event involved a patient who reported severe low-back muscle spasms on the evening of the procedure and was treated with a muscle relaxant (cyclobenzaprine; Ortho-McNeil-Jassen). The muscle spasms resolved within 24 hours and required no further treatment. Three other patients reported an incomplete response to treatment, with either residual (n = 1) or recurrent (n = 2) pain symptoms in their buttocks or legs that were believed by the primary investigator (S.M.) to be possibly related to residual lumbar stenosis. These 3 patients were returned to the operating room between 6 and 18 months after the index procedure for an open lumbar laminectomy. A posterolateral fusion was also performed in 2 of these patients with coexistent degenerative spondylolisthesis. At the time of open surgery, healing of the pedicle osteotomies was confirmed and the bone screws were found to be intact without breakage, migration, or neural impingement. One bone screw in 1 patient was found to be loose. This patient had the most severe medical comorbidities in the study (ASA class IV) and had LSS without spondylolisthesis. She had undergone a 2-level procedure at the L-4 and L-5 pedicles. On further workup, she was found to have severe osteoporosis, an exclusionary criterion for the study, which probably contributed to the bone screw loosening.
Outcome Assessment
The clinical response to treatment is summarized in Table 4 
Radiological Studies
All imaging studies were reviewed by an independent radiologist. Plain anteroposterior and lateral radiographs obtained at the 1.5-, 3-, 6-, 9-, and 12-month time points were evaluated for evidence of device subsidence, loosening, migration, and breakage. No evidence of device subsidence, migration, or breakage was found. One patient had evidence of unilateral device loosening, with a 2-mm "halo" observed along the borders of the implant on imaging (see Adverse Events for additional details of this case).
A thin-slice spiral CT study with reconstructed sagittal and coronal images was performed at the 6-month postoperative time point and was evaluated for bridging bone at the osteotomy sites and for the presence of heterotopic ossification within the spinal canal or neural foramen. All 20 patients demonstrated bridging bone at their osteotomy sites on the 6-month postoperative CT scans, consistent with healing of the osteotomies (Fig. 5) . No patients showed evidence of heterotopic bone formation within the spinal canal or neural foramen on the 6-month CT studies.
Morphometric Data
The change in the cross-sectional area of each patient's spinal canal was measured and compared between baseline and the 6-month postoperative CT scan. The ICC for the measurement technique was found to be 0.88, which was defined as good agreement between the reviewers. All patients demonstrated an increase in the mean crosssectional area of the spinal canals on the 6-month CT scan as compared with the preoperative CT scan. The mean increase in spinal canal area was found to be 115%, meaning that this technique more than doubled the cross-sectional area of the spinal canal.
Lost to Follow-Up
One patient died of an unrelated cause 18 months after the index surgical procedure. At the 2-year follow-up time point, 19 patients provided clinical follow-up data. At the 5-year follow-up time point, 1 additional patient was unable to be located and 18 patients provided clinical followup data.
Discussion
Although radiological studies commonly demonstrate narrowing of the spinal canal in elderly individuals (> 62 years old), only a subset develop significant LSS symptoms. 1, 3 Unfortunately, some affected individuals with LSS develop severe and progressive neurogenic symptoms that may lead to a loss of functional independence. Several nonoperative and operative treatments have been suggested to be beneficial for patients with LSS. 33 The Spine Patient Outcomes Research Trial (SPORT) found nonoperative treatments to be inferior to surgical decompression at a minimum 4-year time point for symptomatic patients. 35, 36 Traditional surgical decompression for LSS involves removal of portions of the spinal lamina, ligamentum flavum, and medial facet joint to alleviate compression of the neural elements. When LSS is associated with radiological evidence of spondylolisthesis or significant scoliosis, a spinal fusion may be included to prevent progression of the spinal deformity. 32 The rate of surgery for LSS varies widely in different geographic regions but is increasing worldwide. Jansson and colleagues reported a rate of LSS surgery of 13.2 per 100,000 Swedish citizens in 1999, and noted a 3-fold increase between 1987 and 1999. 14 In the US, the rates of surgery for LSS varied from 30 to 132 operations per 100,000 Medicare enrollees across different regions. 10 The results of traditional lumbar decompression can be assessed in various ways. Turner et al. performed a metaanalysis of 74 studies and found the mean rate of good to excellent results to be 64%. 34 Weinstein et al. found significant improvements in quality of life and pain measures for patients treated with open lumbar decompression compared with those treated nonsurgically at all time points out to 4 years following surgery. 36 Using Medicare claims, Deyo et al. reported life-threatening complications in 2.3%-5.6% of patients undergoing surgery for LSS, depending on the invasiveness of the surgical approach. 9 Additionally, they found that 7.8%-13% of patients required hospital readmission within the first 30 days following surgery. Reoperation for LSS has been reported to range from 11% within 10 years of surgery in a Swedish study 15 to 23% within 8-10 years in the prospective, observational Maine cohort study. 5 Toyone et al. reported that 29% of patients treated with traditional lumbar decompression for LSS were not satisfied at follow-up. 31 Katz et al. found less satisfactory outcomes following lumbar decompression in patients with self-reported health status that was less than good or excellent, and in those with cardiovascular comorbidities, which are unfortunately common in the elderly population. 16 In a 7-to 10-year follow-up study, Katz et al. reported that 33% of patients complained of severe back pain and 23% required additional surgery following open lumbar decompression. 17 Clearly, there is room for improvement in the treatment of LSS.
Minimally invasive techniques for lumbar decompression have become increasingly popular in recent years. These procedures often use a tubular retractor system or spinal endoscope that limits soft-tissue damage from the surgical approach. 4, 39 Minimally invasive surgical approaches for LSS are available, with the purported advantages of less muscle damage, blood loss, hospitalization, and recovery time. 13, 26 One small study found that minimally invasive techniques could be successfully used in an elderly population, with a relatively low rate of serious complications. 23 Fu et al. reported fewer deaths and neurological complications in patients treated with minimally invasive techniques compared with those undergoing open surgery for lumbar stenosis.
12 Despite these reports, minimally invasive lumbar decompression has not yet become the gold standard approach for LSS, perhaps due to the documented concerns regarding the steep learning curve for minimally invasive surgery and/or the perceived risk of a technical complication.
21 High-quality studies comparing the outcomes of open laminectomy to minimally invasive decompression for LSS are currently lacking. 12, 25 Interspinous spacers have been promoted as a less invasive option for degenerative lumbar stenosis, and may be useful for the subset of patients with good symptom relief when sitting. 41 In the US, the X-Stop device (Medtronic Spine) was approved by the FDA in 2005 for the treatment of LSS. Interspinous spacers, such as the X-Stop device, maintain the integrity of the spinal canal and may have less approach-related morbidity compared with open lumbar decompression. In a multicenter, prospective trial, the X-Stop device was found to be superior to nonoperative treatment for LSS. 40 Unfortunately, the published studies on interspinous spacers demonstrate variable success rates, with some studies reporting high rates of failure and/ or revision surgery. 6, 7, 18, 35 Brussee et al. found a good outcome in only 31% of their patient cohort following X-Stop implantation. 7 Tuschel et al. reported a 30% rate of revision surgery, mostly within the first year of implantation, due to failure of the device to adequately address the symptoms of stenosis. 35 Kim et al. reported a 29% rate of spinous process fracture following interspinous spacer implantation. 18 Bowers et al. found complications in 38% of X-Stop cases, and performed revision surgery in an alarming 85% of the patients in their series. 6 Because of these concerns, intraspinous spacers have not replaced open lumbar decompression as the predominant method of treatment for LSS at the present time.
In the current study we found a substantial increase in the mean cross-sectional area of the spinal canal following the PLO procedure. Yamazaki et al. found that dural expansion following a lumbar decompression for LSS had a significant positive effect on positive clinical outcome. 38 Siddiqui et al. reported a 21% increase in the cross-sectional area of the spinal canal in patients in the standing position following implantation of the X-Stop device, which is probably the mechanism for the observed clinical benefits. 27 In the current study, we found a mean increase in the cross-sectional area of the spinal canal of 115%. We hypothesize that the expansion in the cross-sectional area of the spinal canal and the associated decrease in pressure on the neural elements is the primary mechanism responsible for the positive clinical benefits observed in this study.
The SPORT study enrolled patients with LSS with and without spondylolisthesis who received either the usual nonoperative care, or surgery consisting of a decompressive lumbar laminectomy (or a decompressive laminectomy and fusion procedure for the population with spondylolisthesis). 36, 37 In the cohort without spondylolisthesis, the as-treated analysis demonstrated a mean improvement of 21.4 ± 1.0 points at the 1-year time point, compared with a mean baseline ODI score of 43.2 ± 0.6. This difference was statistically superior to the improvement of 8.9 ± 1.1 points observed in the nonoperative cohort. In contrast, the current study found a mean improvement of more than 29.7 points on the ODI scale at the 2-year time point and a mean improvement of more than 33.6 points at the 5-year time point. Complication rates between the two studies were also quite different. In the SPORT stenosis cohort, transfusions were required in 10% intraoperatively and in 5% postoperatively, and dural tears were encountered in 9%. In contrast, no transfusion or dural tears were encountered during the current PLO trial. The difference is probably due to the more invasive nature of open lumbar decompression surgery. In the SPORT spondylolisthesis cohort, even higher complication rates were observed, including transfusions in 35% intraoperatively and in 16% postoperatively, dural tears in 12%, wound infection in 5%, and additional surgery within 12 months in 8%. Longer-term follow-up of the SPORT study cohorts demonstrated a deterioration of the surgical benefits over time. In the 8-year follow-up report, the authors stated, "In the as-treated analyses of the randomized group, the advantage for surgery seen at 4 years diminished over time to the point that there were no longer any discernible differences between the treatment groups after 5 years." 20 The PLO procedure provides a novel surgical strategy for enlarging the spinal canal and neural foramen while using a minimally invasive approach. The theoretical advantages of this procedure include the lack of removal of normal anatomical structures and the reduced risk of major bleeding, infection, and medical complications compared with a traditional open lumbar decompression. Perineural scarring is also theoretically minimized due to the lack of neural manipulation. Postoperative instability is expected to be less likely because normal ligamentous structures are spared during the percutaneous PLO procedure, unlike laminectomy, which is known to reduce spinal stability. 19, 30 Following bone healing of the osteotomy site, the spinal canal is permanently enlarged, although the arthritic process may still progress in the future. The PLO procedure may be especially well suited for patients with significant medical comorbidities who are poor candidates for open surgery. A drawback of the current technique is the need for substantial intraoperative fluoroscopy, leading to radiation exposure for the patient and operative team. Strategies to limit intraoperative fluoroscopy usage through improvements in the procedural workflow and the use of computer-assisted image guidance have been undertaken since the current study to reduce fluoroscopy usage. Another clinical issue involves revision surgery at the levels of the pedicle osteotomy. Fortunately this is not difficult, because the pedicle-lengthening implant is simply threaded out of the pedicle passage and a pedicle screw that is size-appropriate for the pedicle passage is inserted. The manufacturer of the pedicle-lengthening device is able to provide pedicle screws with a size and shape that are optimal for revision of a pedicle-lengthening device passage.
Limitations of the current study should be acknowledged. First, this study included a relatively small number of patients and did not incorporate a control group due to the design of this pilot study. In the future, a large, prospective trial incorporating a control group is needed to confirm the findings of the present study and to better define the role of the PLO procedure for the treatment of spinal stenosis. Also, although 5-year follow-up is helpful, even longer-term follow-up will be required to define the durability of the treatment option. It must also be acknowledged that because the PLO procedure presents a new technique, a learning curve is anticipated that will require additional evaluation in the future. It should be noted that the current study includes the initial operations performed by the clinical investigator, and thus incorporates the effects of the investigator's learning curve with this procedure.
Conclusions
The PLO procedure provided substantial clinical improvements for patients with symptomatic LSS, with or without a grade I degenerative spondylolisthesis in this pilot study. The positive results were maintained over the 5-year follow-up time frame of the study. Given the prevalence of LSS in the elderly population, this approach deserves further clinical investigation in a large, randomized clinical trial.
